† https://asd.gsfc.nasa.gov/amego/ The gamma-ray sky from several hundred keV to ∼ a hundred MeV has remained largely unexplored due to the challenging nature of detecting gamma rays in this regime. At lower energies, Compton scattering is the dominant interaction process whereas at higher energies pair production dominates, with a crossover at about 10 MeV depending on the material. Thus, an instrument designed to work in this energy range must be optimized for both Compton and pair-production events. The All-sky Medium Energy Gamma-ray Observatory (AMEGO) is a NASA Probe-class mission concept being submitted to the Astro2020 review. The instrument is designed to operate from 200 keV to > 10 GeV and is made of four major subsystems: a plastic anti-coincidence detector for rejecting cosmic-ray events, a silicon tracker for tracking pair-production products and tracking and measuring the energies of Compton-scattered electrons, a CZT calorimeter for measuring the energy and location of Compton scattered photons, and a CsI calorimeter for measuring the energy of the pair-production products at high energies. A prototype instrument comprising each subsystem is currently being developed in preparation for a beam test and a balloon flight. In this contribution we discuss the current status of the prototype subsystems.
Introduction
To date, the region of the electromagnetic spectrum 100 keV to 100 MeV has had very limited observations. This so-called "impossible" energy range is particularly difficult due to the fact that there are two competing photon interactions (Compton scattering and pair production) with interaction cross sections that crossover around 10 MeV.
The All-sky Medium Energy Gamma-ray Observatory (AMEGO) [1] is a Probe-class ($1 B) NASA mission concept being proposed to the Astro2020 Decadal Survay. The instrument is designed to operate from ∼ 200 keV to > 10 GeV and is optimized for continuum flux sensitivity across a broad energy range with a wide field of view. To cover this broad energy range, AMEGO is designed to be sensitive to both Compton and pair-production interactions. The instrument has four subsystems: a silicon microstrip tracker for measuring particle tracks and the energy of Compton scattered electrons, CZT imaging calorimeter for measuring the energy and position of Compton scattered photons, a CsI(Tl) log calorimeter for measuring the energy of e − /e + pairs for higher energy interactions, and a plastic scintillator anticoincidence detector as the first line of defense against cosmic ray interactions.
AMEGO is focused on the upcoming field of multimessenger astronomy. The recently discovered electromagnetic counterpart to the binary neutron star merger event GW170817A / GRB 170817A [2] and the detection of neutrinos from TXS 0506+056 [3] during a gamma-ray flare are prime examples of where gamma-ray observations were critical to understanding the underlying physics of these highly energetic sources. In addition, AMEGO's CZT calorimeter enables nuclear line spectroscopy which allows for direct probes into element formation [4] and studies of the galactic 511 keV emission [5] .
In preparation for AMEGO, we are developing prototype versions of each detector subsystem. This instrument, known as ComPair (Compton/Pair-production), will function as a proof-ofprinciple for AMEGO. This work is supported by NASA APRA funding with grants supporting the development of the silicon tracker, beam, and balloon tests (PI: Julie McEnery), CZT calorimeter (PI: D. Thompson), and CsI calorimeter (PI: J. E. Grove). Descriptions and progress on the development of prototypes of each subsystem are given in the following sections.
Instrumentation
The AMEGO design philosophy is to use many modular, highly segmented components. This both allows for multiple, parallel assembly lines for various components and the easy production of spares, and enables high-precision measurements of interactions within the detectors.
Double-sided Silicon Strip Tracker
The silicon tracker is the first point of interaction for an incident gamma ray; the silicon acts as both the scattering target for Compton events and the conversion material for pair production. Unlike traditional pair-production telescopes (e.g. Fermi-LAT, AGILE) AMEGO cannot use a passive material such as tungsten foil to promote interactions since the passive material would severely hinder Compton reconstruction.
A Compton telescope reconstructs the arrival direction of photons using the interaction position and energy of both the scattered electron and photon. This allows the arrival direction of the photon to be reconstructed as a ring on the sky, requiring multiple overlapping rings to identify sources. However, if the scatter direction of the electron is also measured (a so-called "tracked event"), it is possible to use the kinematics of the interaction to reduce this direction uncertainty to an arc on the sky.
Compton scattered electrons are typically low energy and quickly deposit their energy in the particle tracker. As such, double-sided silicon detectors (DSSDs) are required so that both the xand y-coordinate of the interaction are measured simultaneously. In addition, analogue readout of the silicon is required in order to measure the energy of the Compton-scattered electron. In the lowest part of the the pair regime (E ≥ 15 MeV), the energy deposition in the silicon can be non-negligible, so the analogue readout will also help with the reconstruction of low-energy pair events.
Each ComPair DSSD is 10 cm × 10 cm and 500 µm thick. The thickness is a careful optimization between providing enough material to promote pair-production and being thin enough to reduce the chances of multiple scatterings within a detector layer. Each detector side has 192 orthogonally oriented strips on a 510 µm pitch.
A custom detector carrier, shown in Figure 1 , has been developed to interface with the detectors without the need for wire-bonding. This carrier allows for different front-end electronics to be easily interfaced with the silicon which simplifies testing using multiple readout systems such as bench-top electronics for cross-calibration. Furthermore, the design allows for multiple detectors to be daisy-chained, approximating a detector "ladder" which is closer to the full AMEGO design. The noise in a detector ladder scales with the number of detectors in it, so a good understanding of the performance of a ladder is crucial to AMEGO. A more traditional wire-bonded carrier has also been designed in order to understand any noise contributions due to the carriers.
The DSSDs are read out using custom front-end electronics (FEE) based on the IDEAS VATA460.3 ASIC; the device is in the process of being qualified [6] . The ASIC is a combined charge-sensitive preamplifier combined with a 10-bit ADC and supports both positive and negative signals. Each ASIC has 32 channels, thus, each FEE board will have six ASICs. A tracker layer requires two FEE boards (one for each side of the detector) and a digital back-end board containing an FPGA which handles communication with the instrument trigger module, data acquisition from the ASICs, telemetry, and offloading data to the main data acquisition computer.
CZT Imaging Calorimeter
Cadmium-Zinc-Telluride is a room-temperature semiconductor detector material with exquisite position and energy resolution. It is crucial to maximizing performance in the Compton regime where event reconstruction relies heavily on a precise measurement of the Compton scattered photon's energy and scatter direction. Furthermore, the high energy resolution (∆E = 0.5% FWHM at 662 keV, which approaches the stochastic e − /h + production limit) enables gamma-ray spectroscopy. The AMEGO CZT imaging calorimeter is based on arrays of position-sensitive virtual Frisch-grid detectors recently introduced by Brookhaven National Laboratory [7] , example performance of the bars can be seen in Figure 2 . The base element in the CZT calorimeter is a 0.6 cm × 0.6 cm × 3 cm CZT bar. Metal pads are attached to the shell near the bar's anodes; the relative amplitudes of the signals read out from the pads are used to evaluate the x/y coordinate of interactions within the detector, and the drift time and cathode-to-anode signal ratio are used to independently evaluate the z− coordinate of the interaction location.
The bars are arranged in a 4 × 4 module and connected to a readout ASIC (the AVG2 [8] ) and FPGA module which controls readout. An individual module is 2.5 cm × 2.5 cm, the ComPair prototype will use an array of 4 × 4 modules, matching the footprint of a DSSD. This is in keeping with the concept of modularity for the AMEGO design. In May 2018, the first prototype CZT module was tested in a gamma-ray beam at the High Intensity Gamma-ray Source (HIGS) facility at Duke University 1 . The calorimeter design is currently being refined; assembly has begun on the next modules and the associated front-end electronics. 
CsI Calorimeter
The ComPair CsI calorimeter (and by extension AMEGO) leverages the experience gleaned from the Fermi-LAT. The CsI calorimeter is made of four layers of CsI(Tl) bars arranged in a hodoscopic configuration. Each bar is read out using silicon photomultipliers (SiPMs); the light asymmetry between signals on the two ends provide a 1-D interaction location; the other two dimensions are based on the geometry of the instrument.
SiPMs are ideal for space applications due to their compact size (typical arrays can be of order 1 cm 2 and only ∼ a few mm thick) and low operating voltage (30 V to 60 V typical), while still having gains comparable to classical photomultiplier tubes (10 5 − 10 6 ). The ComPair SiPMs are read our using the ROSSPAD data acquisition system which comprises four IDEAS SIPHRA ASICs (IDE3380) [9] and a dedicated FPGA.
The prototype dimensions have been chosen to be commensurate with the dimensions of a single-detector-per-layer prototype tracker and a 10 cm × 10 cm CZT calorimeter. Each of the four hodoscope layers has six 16.7 mm × 16.7 mm × 100 mm scintillator bars resulting in a thickness of ∼ 3.7X 0 . The surface of each bar is roughened to increase the light asymmetry of both sides; this greatly improves position resolution at a minimal cost of total light yield. The bar is then wrapped in a diffuse reflective material (Tetratex) in order to maximise light collection and 6 mm × 6 mm SiPM arrays are bonded to the end of each scintillator bar. A photo of the prototype hodoscope is given in Figure 4 and more details can be found in [10] . For full AMEGO, the CsI bars will be closer to ∼ 40 cm, commensurate with the footprint of a full tower. 
Anticoincidence Detector
The anticoincidence detector (ACD) is critical for rejecting events corresponding to cosmicray interactions in the instrument which dominate over gamma-ray interactions by up to five orders of magnitude. The baseline AMEGO ACD is five panels covering four sides and the top of the instrument; the ComPair design is similar. Like the CsI calorimeter, the ACD is read out using SiPMs and a SIPHRA ASIC. At high energies, interactions in the CZT and CsI calorimeters can backscatter and produce falase vetos in the ACD; these can be identified by segmenting the ACD scintillators [11] ; this requirement is currently under investigation.
Trigger and Data Acquisition
ComPair uses a trigger module to search for coincident "hit" signals in each subsystem. A typical trigger will correspond to two hits in the tracker (corresponding to an x− and y− coordinate) and a hit in either of the calorimeters. Due to the high position sensitivity of the CZT calorimeter, it is also possible to reconstruct Compton events which occur only in the calorimeters. ComPair will employ several trigger engines which will allow for pre-scalings to be applied to each trigger type such that the data stream will not be dominated by any given trigger type and allow for a more even sampling of the different event types.
Future Work and Conclusions
AMEGO is a powerful MeV gamma-ray telescope that will open a window on the universe with unprecedented sensitivity. The prototype, ComPair, is under development. Each subsytem is in the process of being assembled and integration will begin in the end of 2019. Once integrated, ComPair will be beam tested at HIGS. HIGS can produce gamma rays from 2 MeV to 100 MeV; as such it is possible to test ComPair in both the Compton and pair-production regimes. Furthermore, the beam supports circular and linear polarization which could provide proof-of-principle polarization measurements. We are currently targeting a short-duration balloon flight for ComPair in 2021.
